Computer controlled hammer (CCH) forging results in a reproducible, pre-programmed hammer blow energy and blow sequence, and a record of the actual velocity, energy and operation timing for each forged component. This new capability in hammer forging allows for sophisticated hammer forging processes executed under accurate control. At the same time, it also makes the process and microstructure modeling of hammer forging possible. In this study, hammer forging of Alloy 71 8 was performed run using a computer controlled hammer, and the microstructure and properties of the forged disks were evaluated. The process and microstructure modeling of the hammer forging was performed and correlated with experimental results. The results indicate that hammer forging can be run under accurate control and produce disks with high quality of microstructures and properties. This research also shows process and microstructure modeling of hammer forging is a powerful tool for the process development of high quality Alloy 71 8 components. 
Introduction
Equipped with variety of hammers. from small to the largest in the world, Ladish operates one of the most established and diversified hammer forge shops in the world. With the development of computer controlled hammer capability, hammer forge modeling has greatly increased in sophistication and accuracy [I-41. There were three problems that hindered hammer forging simulation in the past: (1) there was no user-friendly software available; (2) there were no high strain rate flow stress data available; and (3) there were no reliable methods for blow energy partition assignment [5] . Recently, DEFORM^" developed a very user friendly hammer module, which makes the preparation for hammer forging simulation as easy as that for hydraulic press simulation. All of the important hammer forging specific information, such as the number of blows, the blow energy assigned for each blow, manipulating workpieces after a certain number of blows and resting time between blows, etc. can be easily entered into a table. Thus, the first problem concerning user friendly software was solved. Facilities are now available that can perform isothermal flow stress tests with strain rates up to 1001s. This has solved the second problem of flow stress data availability. Ladish has developed an in-house modeling capability to predict energy partitioning characteristics for all hammer forging processes. The methodology has been verified by numerous hammer forging trials including materials of 4340 steel, Ti-6242, Alloy 718, and Waspaloy and dies with different configurations and hammers from 160kJ to 1500kJ in size. This research has also shown that with the help of computer simulation of the hammer forging process and component microstructure, optimized and tightly controlled microstructures and mechanical properties are possible by means of hammer forging.
Experiments
Experimental disks were hammer forged from different materials and into different configurations to demonstrate and validate computer controlled hammer forging methods and computer process and microstructure simulations. Four sets of dies were used in this program: Experimental Disk-1 Preform Shape (ED 1 -P), and Experimental Disk-1 Finish Shape (ED 1 -F), Experimental Disk-2 Preform Shape (ED2-P), and Experimental Disk-2 Finish Shape (ED2-F). 3 Step-down forgings produced in Experimental Disk-1 PreformIFinish dies using 4340 material. Fig. 4 Step-down forgings produced in Experimental Disk-2 PreformIFinish Shape dies using 4340 material.
Results

Hammer Forging Process Modeling
Using the energy partitioning model developed at Ladish, the hammer forging simulations were performed for the 20 pieces of 4340 steel forgings. The values of experimentally measured and predicted geometries of the disks are shown in Tables 1-4 . It is seen from the comparison that the model predictions agree very well with the measurements. 
Step Down
In addition to the twenty 4340 steel parts, computer modeling simulations were performed for Ti-6242 and Alloy 71 8. These models were verified thru the manufacture of six Ti-6242, and nine Alloy 71 8 disks in each configuration. Again, the simulations agreed very well with the experiments. These results show that hammer forging process simulation is quite robust and will allow further implementation of simulation tools for microstructure prediction of hammer forged components.
Microstructure Modeling of Alloy 71 8 Hammer Forging
Thickness Predicted
Since the FEM simulation of hammer forging has been shown to be reliable, the entire thermal mechanical histories of a hammer forged part can be obtained for use in the microstructure modeling [6-71. Recrystallization and grain size were predicted for Alloy 71 8 forgings produced in this project. The forging process for Experimental Disk-1 Shape was designed to show an intentional transition between the recrystallized and unrecrystallized zones. Figure 5 shows the comparison of the border between recrystallized and unrecrystallized zones obtained from macro etch photos of forged disk and the model prediction. Figure 5 
Radius Predicted
Experimental Disk-1 Finish Shape (ED 1 -F) in Alloy 7 18. Figure 6 shows the comparison of the measured grain sizes and the model prediction and for (a) Experimental Disk-1 Preform Shape (ED1 -P) in Alloy 71 8 and (b) Experimental Disk-1 Finish Shape (ED1-F) in Alloy 71 8. 
Properties of Hammer forged 71 8 Disk
The control of the therrnomecl~anical processing is key and critical to the control of subsequent microstructural evolution. The microstructure that results from forging and heat treatment processes directly control the final mechanical properties of specific components. Alloy 71 8 is utilized in numerous demanding aerospace applications due to its ability to achieve and maintain outstanding mechanical properties. The mechanical properties of hammer forged 71 8 have been show to be equal or superior to those developed by alternate thermomechanical processing cycles. Table 5 shows the grain size and mechanical properties of hammer forged Alloy 71 8 disks. Hammer forged Alloy 71 8 exhibits a good combination of tensile and creep properties. This research also shows that by combination of CCH processing and modeling tools a better hammer forging process can be developed that allows for greatly reduced die chilling and results in increased component uniformity and reduced input material weight. These are key factors for current and future aerospace components that require increasing component capability with ever decreasing manufacturing cost.
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